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Circadian clock proteins are modified in many different ways. The best-studied posttranslational modifica-
tion is phosphorylation, with well-known kinases and phosphatases regulating the function and stability of
clock proteins. Degradation of these proteins usually involves ubiquitylation or sumoylation, and some
of the relevant E3 ligases are known. In addition, Hirayama et al. recently identified acetylation as a clock
regulatory mechanism.Circadian rhythms of behavior and physi-
ology are driven by clocks located in
a myriad of tissues. While the clocks con-
trolling behavior tend to be in tissues of
neuronal origin, those that regulate me-
tabolism and other aspects of physiology
are usually found in peripheral tissues.
Regardless of the location, the underlying
mechanisms that generate these clocks
are basically the same and are even con-
served across species. Thus, a typical
model for a clock depicts a transcrip-
tion-based feedback loop in which clock
proteins rhythmically regulate expression
of their own mRNAs, thereby maintaining
cycles of gene expression. However, the
simplicity of this basic model is increas-
ingly being questioned, and, perhaps not
surprisingly, molecular clocks are turning
out to be quite complex.
In themajor clock feedback loop inDro-
sophila, the period and timeless proteins
(PER and TIM) negatively regulate tran-
scription of their own genes by inhibiting
the activity of transcriptional activators,
CLOCK (CLK) and CYCLE (CYC). A sim-
ilar loop operates in mammals where
the period and cryptochrome proteins
(PER1, PER2, CRY1, CRY2) inhibit the
activity of Clock, or the Clock paralog
NPAS2, and BMAL1 (ortholog of CYC).
The major tweaks to this original model
comprise the addition of posttranslational
events that are critical for the timekeep-
ing process (Gallego and Virshup, 2007).
Indeed, experimental manipulations indi-
cate that rhythms can be generated
when the cycling of some clock mRNAs
or even some clock proteins is blocked
(Fan et al., 2007). Under these conditions,
a 24 hr rhythm of clock protein activity is
probably maintained by posttranslational8 Neuron 57, January 10, 2008 ª2008 Elsevimodifications. Remarkably, the cyano-
bacterial clock can be reconstituted in
vitrowith ATP and three proteins that drive
a cycle of phosphorylation (Rust et al.,
2007). In a eukaryotic clock, it may not
be possible to dispense with rhythmic
transcription altogether, but the control
of protein stability and activity is clearly
critical. The modifications that regulate
clock proteins include phosphorylation,
ubiquitylation, sumoylation, and, as re-
cently reported, acetylation (see Figure 1).
Phosphorylation
Since the first discovery that theDrosoph-
ila period protein (PER) is rhythmically
phosphorylated, rhythmic phosphoryla-
tion has been describe for several clock
proteins, and the relevant kinases have
been identified in some cases (Gallego
and Virshup, 2007). Thus, casein kinase
13 (CK13, called double-time or DBT in
flies) and casein kinase 2 phosphorylate
Drosophila PER and serve to destabilize
it and promote its translocation to the nu-
cleus, respectively. Likewise, mammalian
PER1 and PER2 are destabilized through
the action of CK13 and CK1d, which has
activity similar to that of CK13 (Gallego
and Virshup, 2007). Indeed, mutations in
a human CK1d gene and in a PER2 phos-
phorylation site affected by CK1 underlie
circadian disturbances in some individ-
uals with familial advanced sleep phase
syndrome (FASPS) (Xu et al., 2007).
Casein kinase action is not restricted to
the PER proteins in the circadian clock.
DBT-mediated phosphorylation of Dro-
sophila CLK decreases both its stability
and its transcriptional activity. Because
the phosphorylation of CLK is PER de-
pendent, it has been proposed that PERer Inc.represses transcription, in large part, by
‘‘delivering’’ DBT to CLK (Kim et al., 2007).
In a similar vein, mammalian PER appears
to regulate the phosphorylation of CRY by
CK1 (Gallego and Virshup, 2007). CK1
alsophosphorylatesBMAL1andenhances
its transcriptional activity. On the other
hand, phosphorylation of BMAL1 by mi-
togen-activated protein kinase (MAPK)
decreases transcription by BMAL1-
CLOCK (Gallego and Virshup, 2007).
Glycogen synthase kinase 3b (GSK3b)
is another important clock kinase (Gallego
and Virshup, 2007). As for CK1, a circa-
dian function for GSK3 was first found in
Drosophila, where it phosphorylates and
promotes the nuclear entry of TIM.
GSK3 also acts on Drosophila crypto-
chrome (CRY), which in flies serves pri-
marily as a circadian photoreceptor, and
destabilizes it (Stoleru et al., 2007). The
activity of mammalian GSK3 reportedly
cycles and may regulate the daily degra-
dation of CRY2 and the nuclear entry of
PER2. In addition, GSK3 phosphorylates
a component of a second mammalian
loop that regulates the expression of
BMal1 (a similar loop in Drosophila regu-
lates the expression of Clk). Transcription
of BMal1 is activated by Rora and re-
pressed by Rev-Erba, both of which are,
in turn, rhythmically activated by BMAL1.
Rev-Erba is phosphorylated, and surpris-
ingly stabilized, by GSK3; Rev-erba also
binds heme, which may allow a point of
contact between the clock and metabolic
activity (Yin et al., 2007).
In addition, to kinases, phosphatase
action is important for clock function. In
fact, at least in Drosophila, it may be the
phosphatases that account for the rhythm
in phosphorylation of PER. Both PER and
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protein phosphatase 2A and
protein phosphatase 1, with
the former promoting stability
and nuclear localization and
the latter affecting only stabil-
ity. TIM, which appears to be
the primary substrate for
PP1, affects PP1 activity on
PER, suggesting a mecha-
nism by which TIM stabilizes
PER (Fang et al., 2007). PP1
also functions in the mamma-
lian clock where it stabilizes
expression of mPER2 (Gal-
lego and Virshup, 2007).
However, neither PP1 nor the
kinases that phosphorylate
PER-TIM are known to cycle.
On the other hand, regulatory
subunits of PP2A, in particular
one named tws, cycle with
a robust circadian rhythm in
Drosophila. Because PP2A
also acts on CLK, it may more
generally underlie rhythms of
clock protein phosphorylation.
Another phosphatase impli-
cated in mammalian rhythms
is protein phosphatase 5,
which acts on CK13 and is
itself regulated by an inter-
action with CRY (Gallego and
Virshup, 2007). Thus, clock
complexes may contain a
number of kinases and phos-
phatases that likely regulate
each other in addition to
directly modifying clock pro-
teins.
Ubiquitylation and
SUMOylation
The destabilizing effect of
phosphorylation often results
from the phosphorylated protein being
a target for theubiquitin-proteasomepath-
way. The PER proteins are targeted for
proteasomal degradationbyanFboxcon-
taining E3 ubiquitin ligase termed Slimb in
Drosophila and b-transducin repeat-con-
taining protein (b-TRCP) inmammals (Gal-
lego and Virshup, 2007). Dominant-nega-
tive mutants of Slimb also affect levels of
TIM under free-running conditions (con-
stant darkness). In addition, TIM is tar-
geted for degradation in response to light
by an F box containing E3 ligase called
jet-lag (Koh et al., 2006). Because this
regulation of TIM is required for the en-
trainment of behavioral rhythms to light,
lack of JET disrupts TIM degradation
and also behavioral resetting.
The mammalian CRY proteins are also
degraded in a timely fashion by the
ubiquitin-proteasome pathway. Multiple,
independent approaches recently re-
vealed that CRY stability is regulated by
an F box containing E3 ligase. These
approaches consisted of genetic screens
carried out in two laboratories and a bio-
chemical approach designed
to identify substrates of the
afore-mentioned F box pro-
tein, Fbxl3 (Busino et al.,
2007; Godinho et al., 2007;
Siepka et al., 2007). Mutant
forms of Fbxl3 isolated in ge-
netic screens for semidomi-
nant or recessive mutations
were termed after hours (Afh)
or overtime (Ovtm), respec-
tively. The mutant pheno-
types, of long period free-run-
ning rhythms, are generally
consistent with the biochemi-
cal indications that Fbxl3
targets CRY for degradation.
The stability of at least
one clock protein is affected
by the covalent linkage of
SUMO (small ubiquitin-
related modifier protein).
BMAL1 is SUMOylated rhyth-
mically in a CLOCK-depen-
dent manner, although the
relevant E3 SUMO ligase
has not been identified. Amu-
tation in the sumoylation site
increases the half-life of
BMAL1 and, in addition, elim-
inates oscillations and circa-
dian function of the protein
(Gallego and Virshup, 2007).
Acetylation
The most recent modification
to be described for clock pro-
teins is acetylation. Prior to
the demonstration that clock
proteins may themselves be
acetylated, the Sassone-
Corsi laboratory showed that
CLOCK functions as ahistone
acetyl transferase (HAT) (Doi
et al., 2006). While histones
are methylated during the repression
phase of the circadian cycle, activation
of transcription by CLOCK-BMAL1 is as-
sociated with histone acetylation (Gallego
and Virshup, 2007). The finding that
CLOCK itself is a HAT provides a possible
explanation for how this acetylation
occurs.
In an extension of this work, Dr. Sas-
sone-Corsi and colleagues sought to
determine whether the acetyl transferase
activity of CLOCK is also directed toward
other clock proteins. In a recent paper in
Figure 1. Model for the Circadian Clock, Highlighting
Posttranslational Mechanisms
The major feedback loop in mammals (A) and Drosophila (B) is shown. En-
zymes conferring posttranslational modifications are in bold, while the modi-
fied clock proteins are represented by boxes and ellipses. The second mam-
malian loop is also shown because this contains a target for an important
circadian kinase, GSK3b. Rev-Erb and Rora regulate transcription of BMal1,
but, for the sake of simplicity, they are shown here to merely affect protein ex-
pression. Also for simplicity, phosphorylation of BMAL1 by MAPK, and post-
translational events in the Drosophila light response are not shown. P, phos-
phorylation event; SUMO, SUMO conjugated to BMAL1; Ac, acetyl group.Neuron 57, January 10, 2008 ª2008 Elsevier Inc. 9
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lated with a diurnal rhythm in the liver
(Hirayama et al., 2007). Using cultured
mammalian cells, they showed that acet-
ylation of BMAL1 depends upon interac-
tion with CLOCK and, in fact, requires
HAT activity of CLOCK. On the other
hand, CRY1 and PER2 did not affect
BMAL1 acetylation. C-terminal deletions
of BMAL1 showed that the relevant acet-
ylation site is in the C terminus, where four
possible acetylation sites (lysines) are
found. Site-directed mutagenesis of one
of these lysines (K537R) affected acetyla-
tion of BMAL1 in cultured cells and also in
in vitro acetylation assays. Interestingly,
this mutation also abolished the ability of
BMal1 to rescue circadian expression of
an mPer2-luciferase reporter in BMal1
knockout cells. However, mutation of
a neighboring lysine (K538R) did not im-
pair rescue, indicating that failure to res-
cue was not due to secondary structure
defects caused by the lysine mutation.
The next question then is the function
served by acetylation. Hirayama et al.
found that acetylation did not affect sta-
bility or subcellular localization or phos-
phorylation of BMAL1. Nor did it affect
recruitment of BMAL1 to the mPer2 pro-
moter or even the ability of BMAL1 to
associate with CLOCK and activate tran-
scription. What was affected was the in-
teraction of BMAL1 with CRY and, thus,
the repressive effect of CRY on tran-
scriptional activity of BMAL1. Thus, the
acetylation mutant was associated with
constantly high levels of Per and Cry
expression. The neighboring mutation
(K538R) did not abolish interaction with
CRY or CRY-mediated repression, indi-
cating that the effect was specific for the
acetylated lysine. It appears, therefore,10 Neuron 57, January 10, 2008 ª2008 Elsethat acetylation provides another level of
control in negative feedback.
The studies reported here monitored
oscillations of acetylation in the liver and
assayed effects of acetylation on rhythms
in fibroblasts, which are a popular model
for understanding molecular mechanisms
of the clock. However, there are differ-
ences between peripheral clocks, which
the liver and fibroblasts are examples of,
and between central and peripheral
clocks. For instance, the CLOCK protein
is essential for function of some peripheral
clocks, but loss of CLOCK does not affect
central clock function, presumably be-
cause of redundancy with NPAS2 (Deb-
ruyne et al., 2007). If the HAT activity of
CLOCK, and its regulation of BMAL1, is
a conserved clock mechanism, then one
would expect NPAS2 to have the same
activity. Undoubtedly, this will be deter-
mined in the near future. Along the same
lines, it would be interesting to determine
whether acetylation is a regulatory clock
mechanism in other systems, e.g., Dro-
sophila.
Overall, what we’re learning then is that
clock proteins can be extensively modi-
fied. While some of these modifications
are a critical part of the clock, others
may serve to modulate the system, pro-
viding finer control over timekeeping and
accounting for the precision of circadian
function. In addition, these modifications
may allow other pathways to interface
with the circadian system, either to reset
the clock or to be regulated in a circadian
fashion.
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